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INTRODUCTION
Molecules containing more than one metal centre can exhibit profoundly different physical properties and reactivity compared to monometallic complexes, particularly where there is a strong interaction between the metal centres. [1] [2] [3] [4] The synthesis of polymers which contain metallocene units in close proximity is highly desirable as it should allow extended metal-metal interactions throughout the chain, which may result in novel electronic, magnetic or other physical properties. [5] The aromatic ligand pentalene (Pn, C8H6) has shown ability to delocalise electron density between metal centres in anti-bimetallic transition metal compounds, and promote coupling effects through the planar π-system of the bridging Pn ligand. [6] Metal-metal interactions have been studied extensively by (Fig. 1a , M = Fe, Co, Ni, Ru) using a variety of physical techniques. [7] [8] [9] [10] Cyclic voltammetry (CV) revealed that these compounds undergo two successive one-electron transfers, with large potential separations between successive oxidations (ΔE½, decreasing in the order Fe > Co > Ni > Ru).
Oxidation to the cationic forms (n = +1 and +2) was achieved for each complex, of which the mixedvalence (MV) forms (n = +1) show IVCT bands in the NIR spectrum that are not observed in the neutral or di-cationic forms. 57 Fe Mössbauer spectroscopy (timescale  10 -7 s) studies of the cationic (Fig. 1b) . The latter is formally a Mn(I)/Mn(0) mixed-valence complex with two equivalent metal centres on the EPR spectroscopic timescale, consistent with a Robin-Day class III system. [11] This MV anion remains one of the most delocalised organometallic systems reported to date. In our laboratory we have extended these anti-bimetallic complexes to the f-block metals using silylated pentalene ligands, in complexes of the type [Cp*Ln(THF)]2(μ:η 5 ,η 5 -Pn † ) (Pn † = 1,4-{Si i Pr3}2C8H4; Ln = Eu and Yb, Fig. 1c) , [12] which are of interest as molecular models for lanthanide-based polymers. [13, 14] Despite the number of pentalene-bridged homobimetallic compounds of the general formula LnM(- examples are known. The main synthetic challenge is selective coordination of two different metal centres to the pentalene bridge to give a mixed-metal complex, whilst preventing formation of homobimetallic species. Strategies for the rational synthesis of such materials were pioneered by Manriquez et al. starting with dihydropentalene via successive deprotonation and incorporation of the appropriate metal 'half-sandwich' synthon (Scheme 1), [7] in the so-called 'building block' route. Scheme 1. 'Building block' synthetic route to heterobimetallics. [7] In a modification of the 'building block' synthetic approach, Fe( 5 -PnH)2 was lithiated in situ and used to incorporate a Cp*Co unit into the chain, forming Cp*Co(- 5 : 5 -Pn)Fe( 5 -PnH) (Fig. 2a) characterised by mass spectrometry and IR spectroscopy, however NMR and structural characterisation by single crystal XRD were hampered by its low solubility in hydrocarbon solvents (400 mg L -1 of boiling toluene), and this has prevented synthesis of higher chain oligomers.
Scheme 2. Synthetic routes to trimetallic pentalene complexes. [8] Subsequent studies by other research groups employing alkylated (Pn R = {1-R}C8H5) or silylated (Pn' = 1,4-{SiMe3}2C8H4) pentalene ligands have successfully introduced a greater degree of solubility in hydrocarbon solvents to the resulting iron(II) complexes. [15, 16] However due to the lack of symmetry in these ligands, a mixture of isomeric multi-decker species were isolated as oils which could not be purified, precluding full characterisation. The formation of multiple isomers also prevented unambiguous assignment of the electrochemical data obtained, and their potential as delocalised organometallic polymers could not be fully determined.
Herein, we describe the synthesis and characterisation of well-defined Fe(II) complexes by virtue of the high steric demands of the 1,4-triisopropylsilyl substituted hydropentalene (Pn † H) ligand. The utility of these complexes towards the synthesis oligomeric and heteronuclear organometallic complexes is explored using the 'building block' synthetic approach, in which deprotonation of the uncoordinated ring of a bound Pn † H ligand provides an opportunity for coordination of the resultant anion to other metal units.
RESULTS AND DISCUSSION

Iron Bis(pentalene) Complexes
Synthesis and characterisation of Fe(η
The homoleptic iron(II) complex Fe(η 5 -Pn
The Pn † H ligand is facially enantiotopic, hence its sandwich complexes would be expected to exist, in Assuming in solution the energy barrier to rotation about the metal-centroid bonds is small in comparison with kBT, the two Pn † H rings within each isomer are chemically equivalent on the NMR timescale.
Synthesis and characterisation of (η
Facile mono and double deprotonation of Katz's Fe(η 5 -PnH)2 complex was achieved using n-and tbutyllithium, [17] showing that the allylic proton on the uncoordinated ring of the hydropentalenyl ligand is relatively acidic. The ligand fragment produced, effectively a pentalenyl dianion, would have stability as a fully delocalised 10 electron aromatic system. It was proposed the trialkylsilylsubstituted hydropentalenyl ligands in 1 may be relatively more acidic than their unsubstituted equivalents in Fe(η 5 -PnH)2, given that the allylic proton is -to silicon. [18, 19] However, 1 proved to be surprisingly unreactive towards many strong bases, and no reaction was observed with n-or tBuLi/TMEDA, KH, K(N{SiMe3}2), Bu2Mg, or Ca(N{SiMe3}2)2. Reaction of 1 with two equivalents of potassium amide in THF at -78 °C, resulted in a red-green colour upon warming to room temperature.
Work-up and recrystallisation from pentane at -50 °C afforded dark red crystals which were identified by XRD analysis as the mono-deprotonated species, 2 (Scheme 3).
The molecular structure of 2 is shown in Fig. 3 and key metrical parameters for 1 and 2 are collated in Table 1 . These sandwich structures have very similar geometries around the Fe centre, with metalcentroid distances and near linear centroidmetalcentroid angles which are consistent with ferrocene and its pentalene analogues that have been previously determined by X-ray diffraction studies. [20] [21] [22] [23] [24] Removal of an allylic proton from 1 to form 2 results in a formal negative charge on the five membered ring of the coordinated pentalene ligand, to which potassium coordinates in an This is consistent with a localised double bond, and similar values are found in previously reported hydropentalenyl compounds [27] (dC=C = 1.329(8), 1.377(9) and 1.354(7) Å respectively).
The C2C1Si1 bond angles for 1 and 2 (126.85 (18) illustrating the near tetrahedral geometry of the allylic C8 in the uncoordinated ring of these complex.
The allylic protons H8 and H27 in 1 are arranged endo to the Fe centre and are sterically shielded by the exo Si i Pr3 groups, which is a possible reason for the difficulty of deprotonation at these positions with strong bases such as t BuLi. If a neutral electron counting scheme (CBC) is employed, [28] both Pn † and Pn † H ligands serve as 5 electron donors (L2X) to each metal centre in  5 -mode, but in the Pn † H case the π-electron density is only delocalised around one half of the pentalene skeleton. [17, 29] This is reflected in shorter FeCt1 distances and smaller Δ values for 1 compared with 2. Fig. 3 . Displacement ellipsoid plots (50% probability) of 1 and 2.
Hydrogen atoms (except allylic H's) and i Pr groups omitted for clarity. Complex 2 was found to be extremely air and moisture sensitive, and satisfactory elemental analysis could not be obtained despite repeated attempts and attributed to the lability of the coordinated THF.
Furthermore, the 1 H NMR spectrum in THF-d8 was complex and could not be assigned unambiguously.
Subsequent attempts to doubly deprotonate 1 using an excess of KNH2 and 18-crown-6 were unsuccessful, yielding complex 2 exclusively. Hence, attempts were made to incorporate further organometallic fragments into 2, by reaction with divalent metal salts (FeCl2(THF)1.1, Fe(acac)2 and YbI2) and mono-Cp* complexes (Cp*Fe(acac), Cp*FeCl(TMEDA)). However, in all cases the products isolated after work-up were identified by EI-MS and NMR spectroscopy as Fe(η 5 -Pn † H)2, present as mixture of three diastereomers. Clearly the decomposition of 2 to 1 in these reactions involves protonation of a bound Pn † ligand. The fact that 1 is produced as a mixture of diastereomers suggests protonation of the planar pentalene ring occurs in a stereochemically undefined process, and therefore likely to arise from an intermolecular decomposition reaction or by solvent activation. of the allylic proton in 3 (H8 in Fig. 3 ).
Mixed-Sandwich Iron Complexes
Reaction of 3 with an excess of KNH2 in THF-d8 resulted in a colour change from orange to dark red over 4 days. 1 H NMR spectroscopy of the red solution after filtration revealed complete disappearance of the five pentalene ring signals for 3 and the appearance of a new set of peaks, including four doublets in equal ratio which were assigned to an aromatic pentalenyl ligand. 29 Fig. 5 .
The anion-cation pair 4 is extremely sensitive to air and moisture, readily decomposing to afford, inter alia, complex 3 unless the most stringent precautions are taken with all glassware and solvents.
Furthermore, solutions of 4 in THF are unstable upon solvent removal in vacuo; an NMR tube containing a spectroscopically pure sample of 4 in THF-d8 was carefully exposed to dynamic vacuum, taken to dryness, and then redissolved in C6D6. The deprotonation of mixed-sandwich iron complex 3 to form 4, and the subsequent decomposition pathway of the latter are summarised in Scheme 6.
Scheme 6. Synthesis and reactivity of 3 and 4 (R= Si i Pr3).
X-ray crystallographic studies of 3, 4 and 5
As found for 1 and 2, there are variations in ligand bond lengths and angles of the complexes with Hydrogen atoms (except allylic H's) and i Pr groups omitted for clarity. 
The K atom is closer to the Pn † ring in 4 than in 2, such that it should not be considered as a charge separated heterobimetallic. Interestingly, the K atom also has close interactions with the Cp* ring of another molecule in the lattice, with KC distances in the range 3.077(4) -3.285(4) Å. An extended ellipsoid plot (Fig.6) shows that 4 is an organometallic polymer in the solid state. To a solution of 4 in THF-d8 was added one equivalent of Cp*FeCl(TMEDA) and a colour change to brown was observed after 4 h with the appearance of a brown solid. 1 Analytical and spectroscopic measurements were consistent with the proposed formulation of 6, and the molecular structure of 6 was confirmed by a single crystal XRD study (Fig. 7) . 6 was poorly soluble in aliphatic and aromatic hydrocarbons and polar solvents (MeCN, t BuOMe, and Et2O) at room temperature, despite the precedent for improved solubility of complexes with Si i Pr3 substituted pentalene ligands. [30] However, 6 was sufficiently soluble in THF-d8 for its 1 H NMR to be identified and allowed for its electrochemistry to be studied in this solvent. Multinuclear ( 1 H, 13 C, 29 Si) NMR spectra of 6 were consistent with a centrosymmetric structure on the NMR timescale. The Pn † ligand exhibits metallocene-like - 5 : 5 coordination of the two metal centres in 6, but with the Fe atoms more distant from the bridgehead carbon atoms (C4 and C4') than the three wingtip carbons (C1, C2
and C3), as quantified by the large ring-slippage (Δ, defined in Fig. 4 ) value of 0.128 Å for this complex. A similar slipping distortion has been reported in several indenyl- [31] and pentalenyl- [10, 23] metal complexes. This has been attributed in the latter to a maximisation of interaction of the metal with the π-electron density of the fused ring system, which is delocalised around its perimeter. showed a parent ion at m/z = 607 (100%) with no higher peaks assignable to bimetallic complexes.
Electrochemical Studies
The electrochemistry of the Fe(II) complexes in THF was studied by cyclic voltammetry (CV) to gain varying the scan rate again revealed that the voltammetry was under diffusion control and that no fouling or adsorption onto the electrode surface was occurring. In each case the ratio of oxidative and reductive peak currents (ipa/ipc) is close to unity, signifying a quasi-reversible process. The peak-topeak separation (Epp) is comparable to that for ferrocene under the same conditions (ca. 100 mV),
showing that only one electron is being transferred. The ideal Epp for a fully reversible single electron transfer at 298 K is 59 mV, [34] however this discrepancy is attributed to Ohmic losses (iR drop) in THF rather than sluggish electron transfer kinetics.
The mid-peak potential (E½ = {Epa + Epc}/2) of substituted ferrocene complexes shift to more negative values as the electron donor properties of the ligand increases. [35, 36] For example the E½ of decamethylferrocene under these conditions is -0.52 V (vs FeCp2 +/0 , a convention which is assumed for all potentials quoted henceforth), [32] due to the electron donating (+I effect) of the methyl substituents on the Cp* ring. The E½ for 1 and 3 are -0.21 and -0.42 V respectively, implying that the electron donating properties of the η 5 -ligands to the Fe(II) centre increases in the sequence Cp < Pn † H < Cp* ( [7] and its CV in this solvent/electrolyte system shows two quasi-reversible processes with a potential difference (ΔE½) of 0.33 V, consistent with a strong electronic interaction between the Fe centres and extensive delocalisation in the mixed-valence state. 
DFT Calculations
Electronic structure calculations were carried out on a series of FePnCp derivatives. Geometries were , reported by Saillard et al. [37] The net charges on the uncomplexed part of the pentalene ring in this model complex do not show any significant carbanionic character (Fig. 10) , which is consistent with it being less nucleophilic at these positions. However, calculated charges are method dependent; [38] Saillard et al. employed Mulliken charges.
[37] Table 5 gives the charges on C6, C7 and C8 of the Pn ligand estimated by three methods, namely Mulliken, [39] Hirshfeld [40] and Voronoi, [41] for the four complexes studied. It must be emphasised that these DFT modelled structures do not take into account the Si i Pr3 substituent on the uncoordinated ring in 4, which is likely to obstruct the approach of a large Cp*Ln(II)
electrophile. Furthermore 4 exists as an oligomer in the solid state and if this structure persists to some extent in solution, it may provide an additional kinetic barrier to substitution reactions with Cp*LnX.
CONCLUSIONS
In these studies towards oligomeric and heteronuclear organometallic complexes, a total of six new showed that 1 could be singly deprotonated to form the mono-potassium salt 2, however the latter was unsuitable as a synthon for incorporating further metal fragments into the chain, and instead underwent decomposition reactions to afford a mixture of isomers. The mixed-sandwich Pn † H/Cp* complex 3, formed as a single isomer, was synthesised as a more symmetrical precursor to trimetallic and heteronuclear complexes. Complex 3 could also be deprotonated to form potassium salt 4, which shows an intriguing polymeric structure in the solid state. Compound 4 was utilised in the stepwise synthesis of homonuclear bimetallic 6, but ultimately 4 also proved unsuitable for the synthesis of trimetallic or heterobimetallic Fe-Ln(II) complexes, and ligand protonation occurred to form complexes 3 and 5.
DFT studies on model mono-Fe complexes revealed that the uncoordinated C atoms of the pentalene ligand carry a net negative charge, and hence the observed reactivity is attributed to the steric bulk of the Si i Pr3 substituents.
Cyclic voltammetry was used to quantify the relative electron donating ability of the η 5 -ligands to the 
